Increased Na / Ca exchange (NCX) expression may be part of the genetic reprogramming in cardiac remodeling. In this review we address the following questions: (1) Is increased NCX activity a general feature of cardiac remodeling in hypertrophy and heart failure? (2) How does this contribute to the contractile and electrical phenotype of hypertrophy and heart failure? (3) Should be consider NCX a potential therapeutic target? From a review of the literature we found that NCX activity can be increased, unchanged, or even downregulated during cardiac remodeling. When NCX activity is increased, it can be considered compensatory for contractile function, but with negative side-effects, including an increased risk of arrhythmias. Changes in activity do not necessarily reflect changes in gene 21 1 expression. Altered NCX acrtivity can also be consequent to changes in other Ca fluxes or in [Na ] homeostasis. The role of NCX in i contractile alterations and arrhythmogenesis varies with the different stimuli or stages of cardiac remodeling. Pharmacological block of NCX in heart failure or hypertrophy may thus be useful, but most likely only in specific conditions, perhaps as part of a combined approach. Development of drugs that target only a specific mode of the exchanger may offer a further advantage.
Background and aims
pertrophy and failure. So it is timely to evaluate potential benefits and hazards of such interventions. Several recent studies have reported increased expresThis review aims to answer the following questions: (1) sion and / or activity of the Na / Ca exchanger in animal Is increased NCX activity a general feature of cardiac models of hypertrophy and heart failure (e.g. [1] ), as well remodeling in hypertrophy and heart failure? (2) How does as in the human heart with end-stage failure (e.g. [2] ). The this contribute to the contractile and electrical phenotype importance of changes of Na / Ca exchange (NCX) activity of hypertrophy and heart failure? (3) Should we consider for the pathophysiology of hypertrophy and heart failure NCX a potential therapeutic target? stems from the involvement of the exchanger in regulation
The introductory sections on the properties of the of both contractile behavior and electrical events. Alteraexchanger have been kept brief, the reader is referred to a tions in NCX activity could therefore contribute to contracnumber of excellent reviews recently published [3] [4] [5] . tile (dys)function, but could also alter the action potential configuration and could potentially contribute to arrhythmogenesis. As drugs aimed at the exchanger have 2. Molecular properties of the Na / Ca exchanger been developed and may become clinically available, they 21 particularly abundant in heart cells, where it plays a crucial mM [Ca ] ). This behavior reflects the kinetics of ion 0 21 role in maintaining Ca balance (see below). The molecutransfer (reviewed in detail in Ref. [3] ). In addition, the lar structure / function relations have been explored in Na / Ca exchanger has a number of regulatory sites. In- 21 detail, following the cloning of the cardiac exchanger ( [6] , tracellular Ca is required for activation, independent of and reviewed in Ref. [3] variation in NCX activity. These observations also imply Immunohistochemistry studies have found the exchanger that in hypertrophy exchanger activity could be altered due on both external peripheral and T-tubular sarcolemma to this allosteric regulation. It has to be kept in mind that membranes, with reports in favor of even distribution [7] , the presence of allosteric regulation is apparently speciesor in favor of a higher density in the T-tubules [8] . This dependent [22] . It has so far not been reported for human controversy is reviewed in Ref. [3] , but remains currently cells. unresolved due to technical limitations. Binding of the In the excised patch, cytoplasmic MgATP stimulates the exchanger to cytoskeletal proteins can contribute to speexchanger current, but not via classic phosphorylation [23] . cific localization [9] , which may be affected during cardiac
There is however evidence that in the intact cardiac cell cellular remodeling.
the exchanger can be phosphorylated. In guinea-pig car- 1 21 Ref. [19] , with 20 mM [Na ] , 0.067 mM [Ca ] and 1 cates that this inward component predominates [39] and is i i an important determinant of the action potential duration [46] ). Preliminary reports of recent action potential clamp (reviewed in Ref. [40] , see Fig. 1 , right panels). Earlier studies confirm the earlier data that indeed in normal mathematical models were consistent with these data [41] , conditions the current is inward for most of the duration of but more recent models of the action potential include a the plateau [47, 48] . This information on the time course of larger outward NCX current during the early phase of the the NCX current during the action potential is critical for action potential which lasts throughout most of the plateau understanding the effects of altered NCX activity in phase [42] [43] [44] (Fig. 1, left panels) . Consequently in these cardiac hypertrophy and failure. 21 21 models the contribution of inward exchanger current to the With cellular Ca overload, spontaneous Ca release 21 action potential duration is small. One of the major occurs and Ca -activated transient inward currents induce difficulties in modeling the time course of the current is its potentially arrhythmogenic delayed afterdepolarizations 21 dependence on the subsarcolemmal [Ca ] , which will (DADs). There is no doubt that in all species and coni 21 21 differ substantially from the bulk [Ca ] during SR Ca ditions, inward exchanger currents are a major factor in i release [45] . For the experimentalist it seems unlikely that these DADs as shown in a large number of studies the outward current would predominate during the action (reviewed in Ref. [49] ). What is still open for debate is to 21 21 2 potential plateau, as Ca release even at positive powhat extent currents such as the Ca -activated Cl tentials induces an inward current (see e.g. Fig. 8 in Ref. current and / or non-specific cation current may add to the Although these heterozygous mice had no apparent to increase the extent of shortening, and decay of the cardiac dysfunction in vivo, it was recently reported that contraction with rest was more pronounced. The amplitude the incidence of sudden death was increased to 20 vs. 6% of caffeine contractures was also smaller, but the decay in wild type [76] . This mortality occurred in the postwas much faster. These data are consistent with the 21 partum female mice. This was even more pronounced in concept that overexpression leads to net loss of Ca from the homozygous mice where post-partum mortality was the cell. The contrast with the findings in the transgenic 65% at 8 months [76] . These mice had clear signs of heart mouse must be ascribed to the different background of 21 failure, and cardiac hypertrophy and dilation. It still needs Ca handling, with perhaps a more active SERCA and / or 1 to be investigated whether this phenotype is truly related to higher [Na ] in the mouse, and perhaps adaptations in the i the NCX overexpression or whether concomitant genetic transgenic animals. These studies are a nice example of the 21 changes are involved. importance of the concomitant Ca handling in determinFurther work with the heterozygous mice has shown that ing the functional consequences of overexpression of the overexpression of the exchanger may be protective NCX. during ischemia [77] and interacts with expression of SERCA in the calsequestrin transgenic mouse [78] . In cells from the heterozygous mice, SERCA function can be 5. Is increased NCX activity a general feature of moderately reduced while keeping the duration of the cardiac remodeling in hypertrophy and heart failure? 21 [Ca ] transient comparable to that of control cells i [79, 80] . This section is summarized in Tables 1-7 , with numTaken together, these data indicate that at least in the bering corresponding to the subsections below. The tables heterozygous mouse moderate overexpression of NCX also contain data on the degree of hypertrophy and cardiac doesn't depress contractility, and may on the contrary even function, if available. Comments on the particulars of the 21 enhance SR Ca load. A very different picture emerged experiments, comparison between data, and potential critifrom a study of acute overexpression of NCX in adult cisms are given in the text. Within each section, the studies rabbit ventricular myocytes [81] . These adult cells were performed on a given animal model are grouped, and put into culture and transfected with adenovirus-linked within these groups, studies are presented chronologically. NCX gene. After 48 h, protein levels of NCX increased by about 200%, and the protein levels of SERCA, phos-5.1. In vitro models pholamban and calsequestrin remained unchanged. In the transfected cells increased frequency of stimulation failed Since hypertrophy mostly develops in response to Dermott (1996) [84] of c-fos and NCX / protein Abbreviations used in the tables: Ao, Aorta; ang II, angiotensin II; AP, action potential; APD, action potential duration; DCM, dilated cardiomyopathy; FS, fractional shortening in echocardiography; HW, heart weight, HW/ BW, heart weight normalized to body weight; ICM, ischemic cardiomyopathy; K, kidney; LAD, left anterior descending branch coronary artery; LCA, left coronary artery; LV, left ventricle; LVEDP, LV end-diastolic pressure; PA, 21 21 pulmonary artery; PMCA, plasma membrane Ca pump; PLB, phospholamban; RV, right ventricle; SERCA, SR Ca pump; SL, sarcolemma; VHD, valvular heart disease. [82] . The cellular Since this review is focusing on hypertrophy and heart signaling cascade leading to hypertrophy has been studied failure as a consequence of increased hemodynamic loadin vitro using cardiac myocytes in primary culture subjecting of the normally developed heart, these models are not ed to stretch. This intervention indeed induced expression included here. Some animal strains which develop hyof the early gene program and protein synthesis [83] . Such pertrophy, and eventually heart failure, but not as a result a system has in analogy been used to look at expression of of genetic engineering, are nevertheless mentioned as they NCX. Kent and McDermott [84] used adult cat myocytes are thought to be useful models. and found that passive stretch of unstimulated cells
The cardiomyopathic (CMP) hamster may be a model induced protein synthesis and increased the mRNA levels for idiopathic dilated cardiomyopathy. Hamsters of the of NCX. This could not be reproduced by treatment of the BIO 14.6 strain develop hypertrophy following necrotic cells with angiotensin II (ang II), and the stretch effect was cell loss, which evolves at a later stage into decompensated not blocked by AT1 receptor antagonists. These results heart failure [97]. Wagner et al. found an increase in NCX suggest that the pathway is independent of the previously activity of membrane vesicles during the compensated reported induction of immediate early genes c-fos and hypertrophy stage with a decrease at the end-stage failure c-jun during stretch of neonatal cells which was related to stage [97] . In myocytes from animals at the stage just prior autocrine stimulation by ang II [85] . Neonatal cells may to decompensation Hatem et al. [98] found increased however be quite different from adult cells, since meinward exchanger currents which contributed to the action chanical loading by stretching or during spontaneous potential prolongation. This enhanced activity was most 21 contractions in neonatal rat myocytes had no direct effect likely secondary to decreased Ca sequestration into the on NCX expression [86, 87] . This is also supported by the SR, and not to an increased density of the exchanger different effects of ang II on NCX expression: the expresproper. The hamsters of the MS200 strain, derived from sion level was actually decreased in cultured neonatal BIO 53.58, develop dilated cardiomyopathy without clear myocytes, but was unaffected in adult rat myocytes in compensated hypertrophy stage. In myocytes from this culture [88] . strain, Deroubaix et al. found that block of the inward Exploring other pathways of hypertrophy signaling, NCX current shortened the action potential to a larger Reinecke et al. treated adult rat myocytes in culture with extent than in controls, consistent with a higher NCX phenylephrine. They found an increase in both mRNA and activity [99] . In this study no distinction could be made 21 protein levels [89] . As Ca may be involved in the signal between a secondary functional increase in activity or an 21 transduction pathway [90] , cellular Ca loading has been increased expression level. used as well. It was shown to increase NCX expression
The spontaneously hypertensive rat, SHR, has been and activity [84, 91, 92] .
studied extensively as a model for hypertensive disease In summary, in vitro studies suggest that stretch of adult with evolution to cardiac hypertrophy and heart failure. cells appears to increase NCX expression, and this may Increased NCX activity was found in sarcolemmal (SL) occur independent of ang II stimulation. In addition to vesicles of 3-to 4-week-old SHR, before hypertension stretch, other stimuli may affect NCX expression independeveloped [100] . Measurements on SL vesicles from 22-1 dently, such as a-adrenergic stimulation. week-old SHR also found an increase in Na -dependent 21 These studies also illustrate that neonatal cells behave Ca uptake [101] . A recent comprehensive study looked expression can be observed during certain stages. Indensity of the exchanger for different degrees of hycreased activity can also be observed independent of pertrophy following DOCA pellet implantation and saltincreased expression, as a consequence of decreased SR loading in the rat. No change was found at any stage, uptake. It has to be kept in mind though that in these neither in the current on repolarization, nor in the current models, the alterations are not necessarily directly related induced by a caffeine pulse. Therefore these two models of to the hemodynamic stress, but may also be genetically hypertension seem to differ from the SHR, in that none of determined, independent of the hypertrophy.
them reports an increase in exchanger activity, but in contrast, a decrease is observed.
LV pressure-overload hypertrophy and failure
Several studies have used aortic banding at different 1 levels to induce cardiac hypertrophy. Studies of Hypertrophy related to renovascular hypertension has dependent Ca uptake in vesicles from rabbit hearts been studied in various models and NCX activity has been following abdominal suprarenal aortic banding suggested 21 studied in a number of these. In the 2-kidney 1-clip an increase in the exchanger activity for Ca removal, but 21 Goldblatt rat, a decrease of NCX activity was found in the not Ca uptake [106] . SL vesicles from animals studied between 4 and 12 weeks SL vesicles were also used to assess NCX function in rat [103] . Similar results were obtained by Naqvi and Mahearts following 4 weeks of abdominal banding. Hanf et al. 21 cLeod [104] . Momtaz et al. [105] measured the current found a decrease in Ca flux [107] , but Nakanishi et al. [101] reported an increase in NCX activity. These last their rat model, but evaluated NCX function from the authors do not refer to the earlier work by Hanf et al., and decline of caffeine contractures. Interestingly, they found the discrepancies can not easily be resolved.
no change in function in hypertrophy, but an improved 21 Ryder et al. [108] have used a guinea-pig model with Ca removal by NCX when hypertrophied animals were infra-renal aortic banding, which produces a milder degree treated with ramipril. The authors suggested that the of hypertrophy than suprarenal banding. In single changes in NCX function might be secondary to changes 1 myocytes from hypertrophied hearts the inward NCX in [Na ] , rather than in NCX proper. i current measured during the plateau of the action potential In summary, in a total of 10 studies on LV pressure 21 was increased more than 2-fold. Since Ca current was overload by aortic banding, 6 report an increase in NCX also increased, it is possible that the increased NCX expression and / or function. Importantly, changes in 21 currents were the result of larger Ca transients. mRNA and / or protein levels are not necessarily concorDelbridge et al. [109] , McCall et al. [110] , and Maier et dant with changes in NCX function [110, 116] , and NCX al. [111] studied rats with suprarenal aortic banding. They current densities were measured in 2 studies only. The 21 found no evidence for altered Ca removal by NCX in degree of hypertrophy varied from moderate to large, but single cells, or in LV trabeculae. However, at the mRNA function tended to be preserved. An increase in NCX was level a moderate reduction was observed [110] . The seen only after at least 4 weeks after the intervention, and SERCA activity of vesicles and the SERCA mRNA levels possibly a decrease at a later stage. were smaller in hypertrophied hearts.
Weinberg et al. applied banding of the ascending aorta 5.4. RV pressure-overload hypertrophy and failure in rats and looked at gender differences [114] . For the Na / Ca exchanger they found an increased expression at
In the cat with pulmonary banding, Duthinh and Houser the mRNA level, but without gender difference for a [118] reported that a lower activity of the Na / K pump led similar degree of hypertrophy.
to altered NCX activity in the hypertrophied RV. Kent et In an elegant study Ito et al. [112] investigated the al. [92] focused on early expression of the Na / Ca exchanges associated with the transition from compensated changer and found an increase in the transcription at 1 and hypertrophy to decompensation in mice with banding of 4 h, as well as after 48 h when protein levels were also up. the ascending aorta. ratio. In vivo function at this time was also normal (or unchanged expression levels. The increased current conimproved) [113] and contractile reserve of isolated tributed to the action potential prolongation in this rat myocytes was likewise preserved. At 7 weeks when both model. in vivo and myocyte function were deteriorating, NCX protein levels were still up, but now the SERCA / PLB ratio 5.5. Hypertrophy and failure due to volume-overload or was decreased. It was proposed that the combination of combined pressure-volume overload these changes could account for the failure of maintaining 21 and regulating SR Ca load. 5.5.1. Exercise In a recent study Ahmmed et al. [115] investigated the Endurance training induces an eccentric hypertrophy link between action potential prolongation and changes in that mostly results from volume loading of the heart. This Ca -dependent membrane currents in guinea-pigs followtype of hypertrophy, at least in the less extreme forms, ing thoracic aortic banding. In the compensated hyperdoes not evolve into heart failure, and can be considered trophy stage (4 weeks) as well as in the failure stage (8 compensatory with improved intrinsic cardiac performweeks) increased protein levels and larger inward exance. In animal models the means of coercing animals into changer currents were observed. Currents seemed to get exercise training may however add an element of stress smaller at 8 weeks, but no statistic evaluation between 4 with potential catecholamine-related effects. and 8 weeks was provided. The action potential prolongaIn rats, treadmill training leads to improved cardiac tion was predominantly ascribed to a smaller degree of function and myocyte shortening at low pacing frequencies 21 inactivation of I . Although the authors did not consider [120] . The authors conclude that upregulation of NCX leads to sated hypertrophy [123] . At this time CAVB dogs also larger inward exchanger currents, which tends to unload have an enhanced susceptibility to arrhythmias (see Section the SR. These larger inward currents may also contribute 6.2). Isolated myocytes have a larger extent of shortening to the triggered arrhythmias in this model (see Section   21 and a larger amplitude of Ca release at low frequencies 6.2). of stimulation [124] . We found that in this model the 21 density of the NCX outward currents is increased and Ca 5.6. Post-myocardial infarction hypertrophy and failure influx via reverse mode NCX enhanced. Inward NCX currents are also larger, but the increase is less pronounced When a large myocardial infarction (MI) occurs in the (Fig. 2, left panel) . These changes are more pronounced in LV, the remaining tissue will hypertrophy. Changes in 21 LV than in RV myocytes. SR Ca content is larger at low non-muscular tissue and infarct expansion also contribute frequencies of stimulation, contributing to the enhanced to the slow structural remodeling with LV cavity dilatation contractility. This is probably the combined result of the and eventually congestive heart failure (reviewed in Ref. increased NCX activity and of an increase in subsarcolem- [134] ). ACE inhibitors have been shown to prevent or at 1 mal Na [125] . The action potentials in this hypertrophy least slow-down this evolution. Animal models rarely model are prolonged [126] . This can be ascribed to the mimic the preceding stages of coronary atherosclerotic 1 decrease in delayed rectifier K currents [127] as well as disease and intermittent ischemia in humans, but ligation to the increased inward NCX currents.
of the left coronary artery (or its anterior descending branch) usually reproduces the compensatory hypertrophy, 5.5.3. Tachycardia-related cardiomyopathy remodeling and evolution to heart failure. Exchanger Ventricular tachycardia pacing in the dog leads to heart activity has been studied in a number of these models. failure without clear phase of functionally compensated
In the rat LV post-MI, Dixon et al. [135] reported a hypertrophy. O'Rourke et al. [128] reported that in this decrease in SL vesicle NCX activity which was most 21 model Ca removal by the Na / Ca exchanger was inpronounced after 16 weeks, when the animals had clear creased, partly due to increased expression at the protein signs of heart failure. From the same lab it was later level, partly as a consequence of decreased SERCA reported that treatment with L-carnitine partially reversed activity. More recently the authors reported a large inthe decrease in exchanger activity, and also improved LV crease in NCX current density proper, observed only in the function [136] . Makino et al. also found decreased NCX 21 absence of [Ca ] buffering [129] . In their mathematical activity in the same model, at 8 and 12 weeks post-MI i model of the action potential in this heart failure dog [43] , [137] . Hypertrophy and remodeling, as well as downreguthe NCX current is predominantly outward during the lation of exchanger activity, could be partially prevented larger part of the action potential plateau (Fig. 1, left by AT1 receptor blockade. Zhang et al. [138] [139] [140] also panels), and therefore increased inward NCX current has a studied the same model at 3 weeks post-MI. They found a 21 minor role in the action potential prolongation. Such decrease in outward exchanger current density. The Ca increased currents could however be important for aftercontent of the SR was also reduced. High intensity sprint depolarizations.
training post-MI partially reversed these changes [139] . In the rabbit with pacing-induced heart failure NCX While these three different labs consistantly report a outward currents were reduced, and mRNA levels dedecrease of NCX, Wasserstrom et al. [ [143] have studied NCX function in temporal heterogeneity is likely to occur post-MI. Regional the rabbit heart post-MI, focusing on the myocytes from variations in hemodynamic loading will interact with the infarct border zone. They found an upregulation of differences in perfusion with probable ischemia in the 21 outward NCX currents. Increased Ca influx could conborder zone. This may superimpose on underlying basal 21 21 tribute to SR Ca loading and provide extra Ca for regional differences [146] . triggering of SR release, in the presence of downregulation 21 of the Ca channel. The authors speculated that reverse 5.7. End-stage heart failure: studies on human tissues mode NCX during the long action potential plateau could contribute to the prolongation of contractions seen during Human ventricular tissues studied for exchanger activity field stimulation. A potential role for increased inward have so far mostly been obtained from hearts explanted exchanger currents in the action potential changes was not from patients with end-stage heart failure at the time of investigated directly, but is not compatible with the transplantation. Therefore little or no information is avail- 21 hypothesis that net Ca influx occurs during the action able concerning earlier stages of (compensated) hyperpotential plateau.
trophy. In the majority of these studies NCX expression is Boyden and co-workers have characterized in extenso increased, although mRNA and protein levels do not the electrical changes occurring in myocytes from the always match (Table 7) . However, mRNA and protein epicardial infarct borderzone in the dog at 5 days post-MI levels do not always match and results are not always [144] and recently reported on NCX currents in this model consistent, even in reports from the same lab. Flesch et al. [145] . Cells in this area were significantly larger than the where I is the predominant trigger, but less so in the intracellular Na by slowing inactivation of the Na CaL positive voltage range. Yet, NCX currents were not sigchannel. Recently however, the same lab reexamined the nificantly different. Since I is downregulated in this response to a substance from the same class, namely CaL model, it is possible that NCX may functionally be more BDF-9198 [148] . Although a similar increased sensitivity prominent even without intrinsic upregulation. This may of failing hearts was observed, NCX protein levels were heart failure patients, until the end-stage. influx through non-inactivated Ca channels. In human 21 Only few studies have reported on the amplitude of myocytes the small amplitude of SR Ca release is indeed 21 21 NCX currents in human cardiac tissues. In atrial tissue more likely to reduce Ca -dependent inactivation of Ca Sham et al. [33] reported that the density of the exchanger channels. In their studies Houser and colleagues also 21 was lower than in hamster, but more or less equal to looked at the Ca removal by the Na / Ca exchanger. changer for Ca removal in the failing heart. The role of 21 reverse mode NCX is not fully established, but Ca entry during the latter part of the action potential plateau could 21 contribute to Ca loading and to the diastolic dysfunction of the failing heart. Many studies report increased NCX expression in end-stage heart failure, but a large phenotypic variability is likely to be present. In addition, evidence for re-remodeling of the failing human heart [160] indicates that there is a high degree of plasticity. The contribution of NCX is thus likely to vary not only between patients, but also with time within the same patient. imposing cardiac overload in adult animals (Tables 3-6), 14 report an increase in NCX expression and / or function, correlated with a decrease in SR content [1] . This pheno-10 a decrease, and 5 no change. It is important to consider type is not always associated with a decrease in SERCA whether this heterogeneity is due to animal models not function, but if present, SR depletion will be more 21 21 studies on other animal species, nine studies show an Ca gain. This could lead to an increased SR Ca increase of NCX. This suggests that rats are less likely to content as we observed in the dog with CAVB, where it 1 upregulate NCX. Yet, if we compare within the same may be related to a concomitant increase of [Na ] . The i 21 species, or across time, it is clear that heterogeneity is gain in cellular Ca would then occur primarily during likely to be a genuine property of cardiac remodeling. The diastole. In this dog model we found no direct evidence for 21 importance of the nature of the stimuli leading to hya larger contribution of NCX to trigger Ca . In contrast in 21 pertrophy / failure can be appreciated from the comparison the rabbit post-MI [143] , increased Ca influx may 21 of heart failure in the rabbit induced by tachycardia-pacing contribute to the trigger for SR Ca release, and the [130] vs. combined LV pressure and volume overload [1] , increase in SR content is less clear. In this rabbit model where NCX is down-regulated in the first, but up-regulated I is down-regulated, probably allowing for a relative CaL 21 in the second model. Secondly, the time course of the increase in the dependence on Ca influx via the NCX. 21 contractile remodeling, i.e. evolution from compensated to The concomitant decrease in amplitude of the [Ca ] i failure state is likely to be important as well. Though only transient will also allow for a larger influx via the NCX. few studies have addressed this issue, they clearly show This may apply to other models where I is decreased, as CaL evolution of expression levels with time [115, 142] . Human in Ref. [145] , but should be less prominent if I is CaL 1 studies further support the notion that important heterounchanged, as in Ref. [163] . In the rabbit post-MI, [Na ] i geneity may exist. Lastly, the literature review underscores was not altered, but in the dog with CAVB it may be that, in the absence of changes in expression level, increased [125] . function can still be up, e.g. due to altered regulation 1 (changes in [Na ] release, or slower Ca uptake by the SR Ca pump.
Conclusions

arrhythmias?
As there are no hypotheses on the effect of a decrease in 6. How does increased NCX activity contribute to the NCX activity on electrical phenotype, we will focus here contractile and electrical phenotype of hypertrophy on the consequences of an increase in NCX activity. These and heart failure?
could reflect on action potential configuration, on mem- 21 brane currents during spontaneous Ca release, and on the 6.1. Contractile phenotype incidence of arrhythmogenic spontaneous release. For the action potential configuration, different views A few studies report a decrease in NCX activity, but the have been expressed. In the modeling of the action functional consequences are unclear and no definite hypotential of the dog with heart failure [43] , the NCX is pothesis has been put forward. Transgenic mice with predominantly outward, and increased expression leads to knockout of NCX are lethal when homozygous [161, 162] , enhanced repolarizing current during the plateau; inward but lack a clear phenotype at the cellular level when current is present only during the rapid repolarization heterozygous [162] .
phase and at diastolic potentials (Fig. 1, left panel) . In this For an increased activity, the hypotheses which have view the increased NCX current can be only a minor factor been formulated fall into two broad categories related to in the prolongation of the action potential plateau so 21 the concomitant changes in [Ca ] homeostasis. commonly observed in heart failure, but it could contribute i
In the first view, increased NCX improves relaxation, to late repolarization delays as shown by Priebe et al. [44] . but leads to unloading of the SR [81] . This may be true in If NCX current is however predominantly inward during general for all conditions where the exchanger is operating the plateau (see Section 3, and Fig. 1, right panel) , then an 21 predominantly in the Ca efflux mode, and could explain increase in NCX might lead to prolongation of the action the findings in cultured rabbit cells [81] . Enhanced NCX potential. In this way NCX may facilitate the occurrence of activity therefore contributes to a decrease in systolic early afterdepolarizations (EADs) [49] . We support this function, even if diastolic function is improved. This view in particular for our dog model of hypertrophy, as in 21 phenotype is seen in heart failure in humans, and in the compensated hypertrophy the amplitude of the [Ca ] i heart failure model of tachycardia-induced cardiomyopathy transient is preserved or even enhanced [124] . In heart 21 in the dog [128] . In the rabbit with combined aortic failure the small amplitude of the [Ca ] transients will i insufficiency and constriction, higher NCX function was decrease the amplitude of the inward currents, perhaps the amount of Ca entry, not by the expression / activity current. It is of interest to note that spontaneous release is levels of NCX [29, 30] . The latter will however determine not easy to 'induce' because of the low SERCA activity, 21 21 the kinetics of the current and time course of Ca and spontaneous [Ca ] transients are of low amplitude. i removal. Another element is that heterogeneity in exExperimental data indicate however that DADs will occur changer current density, already present at baseline [146] , with rather high likelihood in human preparations under and potentially enhanced during remodeling [124, 142] , adrenergic stimulation [132, 168] . may contribute to dispersion of repolarization. 21 During spontaneous Ca release at diastolic potentials, 6.3. Conclusions increased activity will lead to larger depolarizing currents and facilitate arrhythmogenic delayed afterdepolarizations Several contractile phenotypes may result from altered (DADs). Whether increased NCX expression enhances the NCX activity depending on concomitant changes. A likelihood of spontaneous release depends on the concomicommon feature however is that NCX upregulation ap- In the dog with CAVB both EAD and DAD related increase cellular Ca load, and improve systolic function. triggered arrhythmias occur [123, 164] . In the case of the These adaptive changes have however negative side-ef-1 DAD-related arrhythmias, the increased SR content and fects. With low SERCA activity and / or [Na ] , increased i 21 larger NCX current are likely to be a major factor. This is Ca efflux through the exchanger is likely to contribute to 21 supported by the observations that in vivo the occurrence loss of Ca from the cell, and to decreased systolic 1 of DADs is related to enhanced contractile function. This performance [102] . In conditions where [Na ] is elevated i 21
is illustrated in Fig. 2 , right panel. and SERCA function preserved, the increased Ca influx 21 In the failing rabbit heart, Vermeulen et al. [132] is likely to increase the risk of Ca overload and 21 demonstrated the higher incidence of afterdepolarizations spontaneous Ca release. There is little doubt that during 21 in vitro. In the same model, Pogwizd et al. [133] demonspontaneous Ca release the Na / Ca exchanger will strated that arrhythmias in vivo are mostly triggered, and generate an inward current that may be involved in can be easily provoked by adrenergic stimulation. In this afterdepolarizations. Although direct evidence linking inrabbit model increased exchanger currents during spontacreased risk of arrhythmias and increased NCX activity in neous release are likely to be an important factor. Pogwizd hypertrophy and failure is missing, current data favors the 21 et al. have shown that spontaneous Ca release in idea that increased NCX currents might contribute to myocytes from these rabbits will more easily induce increased susceptibility to arrhythmias in hypertrophy and spontaneous activity because the NCX current is larger and failure. Concomitant changes in ionic currents, e.g. dow-1 because the (stabilizing) I current is decreased [165] . nregulation of K currents, may amplify the effect of K1 Pak et al. [166] have reported the increased sudden increased NCX. death and polymorphic ventricular tachycardia in the dog with pacing-induced heart failure. In vitro experiments [167] show an increased incidence of EADs at the cellular 7. Can we consider NCX a potential therapeutic level and spontaneous depolarizations that are not related target in hypertrophy and heart failure? 21 to spontaneous Ca release. The role of NCX in these 21 events in unclear, as in the modeling of the [Ca ] 7.1. What goals are to be achieved? i transient and action potential of the heart failure dog [43] NCX is predominantly an outward current, except at the Throughout the spectrum of compensated hypertrophy to very end of the plateau, and is a large inward current end-stage heart failure, there are clearly multiple during early diastole. These inward currents could be phenotypes associated with increased NCX activity. Conimportant in late EADs, but this remains to be determined.
sequently, we can not simply consider block of exchanger Priebe and Beuckelmann have modeled the action function as a strategy in hypertrophy or heart failure in potential of human cells from end-stage failure, and general. We may however be able to identify particular conditions where this may be desirable. In heart failure it is 21 conceivable that reducing Ca efflux through NCX would improve systolic function and reduce arrhythmogenic risk. [169, 170] , but as this peptide must be applied intracellularhas been a long-standing practice in heart failure. Howly, its use is restricted. Amiloride and its derivatives, e.g. ever, the large multicenter trial on the use of digoxin in 39-49-dichlorobenzamil (DCB) [171] have been used as heart failure [176] clearly illustrates the trade-off to be blockers, but their use is limited, due to non-specific side considered. Total mortality was unchanged, but the reduceffects. The most recent derivative, KB-R7943, has a tion in death due to worsening heart failure was offset by higher potency, and at the lower concentrations has only an increase in presumed arrhythmic death. minimal effects on other ion transports [158, 172] . AlAltering action potential duration will also affect the 21 21 though at first it was proposed to be a more potent blocker NCX Ca fluxes. For Ca overload, one could consider 21 of the reverse mode than of the forward mode, this may be promoting Ca efflux by shortening the action potential. true only in well-defined conditions, when the exchanger operates nearly exclusively in either of the two modes [159] . Nevertheless, KB-R7943 was shown to be useful in 8. Conclusions 21 suppressing Ca overload and associated arrhythmias induced by block of the Na / K pump in the guinea pig, in Upregulation of NCX is not a general feature of cardiac vivo and in atrial strips, without affecting inotropy [173] .
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